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Abstract
Green structures (e.g. green roof and bio-retention systems) are adopted to mitigate
the hydrological impacts of urbanization. However, our current understanding of the ur-
banization impacts are often process-specific (e.g. peak flow or storm recession), and
our characterizations of green structures are often on a local scale. This study uses5
an integrated distributed hydrological model, Mike SHE, to evaluate the urbanization
impacts on both overall water balance and water regime, and also the effectiveness of
green structures at a catchment level. Three simulations are carried out for a highly ur-
banized catchment in the tropics, representing pre-urbanized, urbanized and restored
conditions. Urbanization transforms vegetated areas into impervious surfaces, result-10
ing in 20 and 66% reductions in infiltration and base flow respectively, and 60 to 100%
increase in peak outlet discharge. Green roofs delay the peak outlet discharge by 2 h
and reduce the magnitude by 50%. Bio-retention systems mitigate the peak discharge
by 50% and also enhance infiltration by 30%. The combination of green roofs and
bio-retention systems even reduces the peak discharge to the pre-urbanized level. The15
simulation results obtained are independent of field data, enabling a generic model for
understanding hydrological changes during the different phases of urbanization. This
will benefit catchment level planning of green structures in other urban areas.
1 Introduction
Urbanization transforms vegetated areas into impervious surfaces. This causes water20
flow to be intervened by man-made structures and drainage networks, resulting in sig-
nificant impacts on hydrological conditions (Antrop, 2004; Haase, 2009). The first and
foremost impact is the change in water balance (DeFries and Eshleman, 2004). The
replacement of vegetation with impervious surface enhances surface runoff and river
discharge (Bhaduri et al., 2000; Dietz and Clausen, 2008; Wang et al., 2005; Du et25
al., 2012; Ott and Uhlenbrook, 2004; Sanders, 1986) and also reduces water losses
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through canopy interception, vegetation evapotranspiration and soil evaporation (Dow
and DeWalle, 2000; Endreny, 2005; Rose and Peters, 2001). Not only surface water,
urbanization also affects groundwater in terms of recharge (Barron et al., 2013). Some
suggest that groundwater recharge increases due to the reduction in evapotranspira-
tion (Klo¨cking and Haberlandt, 2002; Rose and Peters, 2001) and/or the leakage from5
water systems and sewers if the groundwater table is lower than the pipe level (Go¨bel
et al., 2004; Lerner, 1990). Others believe that the additional impervious surfaces de-
crease groundwater recharge due to the reduction of infiltration (Collin and Melloul,
2003; Rose and Peters, 2001; Schoonover et al., 2006). Besides changing water bal-
ance, urbanization also influences water regime (i.e. pattern of flow) such as increasing10
and decreasing the high and low flows respectively, and also increases the daily vari-
ation in stream flow locally (Konrad and Booth, 2005). The storm recession period is
also significantly shorter in urban streams (Rose and Peters, 2001). As listed above,
there are numerous studies examining the hydrological impacts of urbanization. Nev-
ertheless, they mostly focus on the changes in particular components or processes,15
and examine the impacts on either water balance or water regime. There is thus an
incentive to develop an integrated understanding on the overall changes in both water
balance and water regime.
For environmental benefits and water resources management, there has been ris-
ing interests to mitigate the hydrological impacts of urbanization and to restore pre-20
urbanized hydrological conditions. One approach is to implement small-scale hydro-
logic control throughout a catchment. Examples of such hydrologic controls, known
as “green structures” or “low impact development practices”, include green roofs and
bio-retention systems. Even though there are many variants of green structures, green
roofs and bio-retention systems are representative of most kinds of green structures as25
they comprise the main hydrologic restoration mechanisms of surface runoff delay and
infiltration enhancement. Green roofs collect and retain rainwater falling onto buildings
for a certain period of time (from hours to days) (Oberndorfer et al., 2007), thereby re-
ducing and delaying water discharge to the canals. Studies have found that green roofs
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retain 40–80% of precipitation (Hutchinson et al., 2003; Palla et al., 2012; VanWoert
et al., 2005) and reduce 60–80% of peak discharge (Bliss et al., 2009; Mentens et al.,
2006; Palla et al., 2012; Villarreal et al., 2004). They also tend to retain a higher fraction
of precipitation in small storms than in large ones (Carter and Rasmussen, 2006). On
the other hand, bio-retention systems not only retain stormwater (Xiao and McPherson,5
2011) but also enhance infiltration (Davis, 2008; James and Dymond, 2012). Evaluat-
ing the effectiveness of bio-retention systems Holman-Dodds et al. (2003) concluded
that they do not reduce runoff significantly on the site with low infiltration capacity;
while Chang et al. (2009) emphasised that it is more effective when sited close to the
watershed outlet. More quantitatively, Davis (2008) showed that with 2% bio-retention10
system over 0.24 ha area, peak flow reduced by 44 to 63%. However, most of the
above studies are in plot-scale or small catchments, only evaluating the local impacts
of an individual green structure.
The objective of this study is to assess the catchment-scale impact of urbanization
on both water balance and water regime using an integrated distributed hydrological15
model, Mike SHE. The model should include all the main hydrological components
(e.g. canopy interception, evapotranspiration, overland flow, river routing and ground-
water) and should detail the spatial variations within a catchment. With the use of
the integrated distributed hydrological model, the feasibility of restoring the hydrologi-
cal condition is examined through the implementation of green roofs and bio-retention20
systems on a catchment-scale.
2 Methodology
2.1 The integrated distributed hydrological model
Urbanization and green structures affect the interactions of various hydrological pro-
cesses such as canopy interception, plant evapotranspiration, water and soil evapora-25
tion, infiltration, overland flow, and groundwater flow. Thus, an integrated hydrological
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model that accounts for all the above processes is needed to access the hydrological
impacts of urbanization and green structures. Compared to distributed models, lumped
models have two main limitations. Firstly, the domain response is only evaluated at the
outlet and sub-domain response is not considered. Furthermore, the various charac-
teristics of a catchment are lumped into one single parameter which may not be truly5
reflective. This research is interested in sub-domain response and also requires the
considerations of the heterogeneous land uses including green structures in an urban-
ized catchment. Therefore, despite the high demand in input data and long computation
time, a fully distributed model is more suitable for this study.
In particular, Mike SHE (System Hydrologique European), a comprehensive deter-10
ministic, distributed, and physically based modelling system, is selected for this re-
search. Mike SHE couples river routing modelling (Mike 11), overland flow and ground-
water modelling, giving a complex integrated hydrological analysis of surface and sub-
surface water systems. It simulates all major processes in the land phase of the hydro-
logical cycle, including precipitation, interception, infiltration, evapotranspiration, sub-15
surface flow in unsaturated and saturated zones, overland flow and flow in the channel
and river. Figure 1 shows the main components of Mike SHE and their governing equa-
tions. The Saint Venant equation is solved numerically in two dimensions for overland
flow and in one dimension for channel flow. The one-dimensional Richards’ equation
(or simplified gravity equation) is solved for the pressure head (or moisture) variation in20
the unsaturated zone. The horizontal movement of water in unsaturated zone is consid-
ered negligible. Saturated groundwater flow is simulated using the three-dimensional
Boussinesq equation.
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2.2 Green roofs and bio-retention systems – conceptual understanding and
model implementation
2.2.1 Green roof
Green roof is a conventional roof covered with soil and vegetation, and consists of four
main components: vegetation layer, soil layer, geotextile filter and drainage material5
(Czemiel Berndtsson, 2010). It functions as a micro-catchment and includes all the
main hydrological processes such as: rainfall, plant interception, evapotranspiration,
infiltration and storage. Though green roof is often installed to save energy and to
mitigate the urban heat island effect, it has also been shown to benefit stormwater
management (Bengtsson et al., 2005; Mentens and Raes et al., 2006; VanWoert et al.,10
2005). Rainfall needs to percolate and infiltrate through the vegetation and soil layers,
thereby delaying runoff discharge as well as improving water runoff quality.
The key hydrological impact of a green roof during a storm event is the delay in
runoff discharge. In MikeSHE, this delay in runoff discharge is simulated by delaying
the rainfall in each individual green roof by 3 h. The duration of delay is based on15
previously published studies; Moran et al. (2004) reported a delay time of 3 h and Rowe
et al. (2003) found peak flow was delayed by 2 to 4.5 h. The detailed flow process
within the different layers of a green roof is not simulated given its high computational
demand and small impact on predicting the overall discharge delay of a green roof.
Other important hydrological processes, such as evapotranspiration and infiltration, are20
simulated as part of the integrated model as explained in Sect. 2.1.
2.2.2 Bio-retention system
Bio-retention system is a shallow planted depression, and consists of ponding area,
filter media, transition layer and drainage layer. It is one of the stormwater best man-
agement practices that provides both conveyance function and stormwater treatment.25
Stormwater runoff is filtrated through and treated by vegetation and soil within the
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bio-retention area. The filtrated water is either collected by a drainage system or al-
lowed to infiltrate into the ground. To enhance infiltration into the system, it often
employs filter media with a hydraulic conductivity of one to two orders of magnitude
(i.e. 10 to 100 times) higher than that of the surrounding soil profile. In addition, the sys-
tem allows ponding which provides further flow retention. In the integrated hydrological5
model, we implement bio-retention systems that allow stormwater to infiltrate directly
into the surrounding soil profile (i.e. no subsoil drainage). The bio-retention systems
are modelled as homogenous soils with a high hydraulic conductivity of 10−5ms−1,
extending 1m below the ground. The systems are also equipped with 20 cm of deten-
tion ponding. All the hydrological processes, e.g. evapotranspiration and infiltration, are10
also considered in the integrated model.
2.3 Marina-like catchment – a case study in Singapore
The biophysical and hydrological environment of Singapore has altered dramatically
due to rapid urbanization and industrialization (Lu et al., 2005). Marina catchment
(Fig. 2), the most urbanized part of Singapore, has typical characteristics of a highly15
urbanized catchment in the tropical area. It has a catchment area of 160.8 km2, and
currently consists of different land uses and soil conditions and includes the different
components of hydrological and vegetation system (e.g. plant, river, reservoirs, mix-
ture of permeable and impermeable surfaces). Adopting the main characteristics of
Marina catchment, an integrated distributed hydrological model of Marina-like catch-20
ment is built to evaluate the impact of urbanization on water balances and regimes.
In other words, this objective of this study is not to reproduce the exact situations of
Marina catchment, but rather to demonstrate the generic influences of urbanization on
hydrological conditions. The model is further developed and applied to evaluate the ef-
fectiveness of catchment-scale green structures in mitigating the hydrological impacts25
of urbanization.
To address the issues raised in the objective, several simulations are performed.
Firstly, to evaluate the effect of urbanization in Singapore, a pre-urbanized scenario
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in which all the hydrological conditions are at natural state is set up. It is then com-
pared with an urbanized scenario in which all the hydrological factors are urbanized.
Secondly, to evaluate the effectiveness of green structures in minimizing the impact
of urbanization, another set of scenarios is set up to reflect the different strategies
in installing the green structures in an urbanized environment. The results are then5
compared with those without the green structures to conclude their effectiveness. The
simulation of each scenario is one-year, and is further elaborated below:
– The first scenario (pre-urbanized) represents the condition before urbanization in
which the entire land surface is covered by plants and the rivers are in natural
conditions.10
– The second scenario (urbanized) represents the current situation in which the
land surface coverage has changed drastically due to urbanization and is a
combination of permeable, impermeable surfaces and buildings; rivers are also
concrete-lined.
– The third scenario represents hypothetical situations in which green roofs and/or15
bio-retention systems are installed at strategic locations to mitigate the hydrolog-
ical impacts of urbanization. This scenario is further divided into three different
strategies:
– Strategy 1: Restored by green roofs (Green roof). All the buildings in the
catchment are covered with green roofs which account for 14% of the catch-20
ment area.
– Strategy 2: Restored by bio-retention systems (Bio-retention). 5% of the
catchment area is converted from impervious surfaces in the urbanized sce-
nario to bio-retention systems in this strategy. The bio-retention systems are
located near the streams and are in areas where the groundwater table is at25
least 1.5m below the ground.
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– Strategy 3: Restored by both green roofs and bio-retentions (Hybrid). The
hybrid is a combination of green roofs and bio-retention strategy.
To focus on the impacts resulting from the change from vegetated to impervious sur-
face and the implementation of green structures, other factors such as climate, soil and
topography are assumed not to change among the scenarios. Each scenario is run for5
one year under the same climate condition. The digital-elevation model SRTM (i.e. to-
pography) in 2005 is obtained from US Geological Survey with 30m resolution (USGS,
2010) and are applied to all three scenarios. The surface mesh includes 89 900 ele-
ments; each element is rectangular with a dimension of 60 by 60m. Below the surface
mesh, 45 subsurface layers are added. The thickness of layers increases with depth,10
starting from 0.2m at the top to 1m at the bottom. Each of the main hydrologic com-
ponents has its own time step. River routing is the most dynamic process and is highly
responsive to rainfall and topographical condition, followed by overland flow, and finally
unsaturated and groundwater flow. However, there is a flow exchange between the
different flow processes, which lead to some restrictions on the time steps. For river15
routing, a time step of 1min is used. For overland flow, unsaturated and groundwater
components, time steps of 0.25, 0.5 and 12 h are used respectively.
2.3.1 Surface and subsurface parameters
To parameterize the surface and subsurface, the model domain is divided into zones
based on the land cover, surface properties, soils, and geology. Land cover map (Fig. 3)20
is digitized from Singapore Master Plan in 2003 (URA, 2003), and is classified into
four groups with vegetation of different leaf area indexes (LAI) and roof depths (RD)
(Table 1).
For soil properties, top soil (i.e. soil from surface up to 1m depth) information is
extracted from Singapore soil map (Fig. 3), digitized from the Soil of the Republic of25
Singapore (Wells, 1977; Ives, 1977). Below 1m depth, the soil is assumed to be loamy
sand. Using the soil information from Table 2, together with the hydraulic parameters
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of standard soil texture from United State Department of Agriculture, Van Genuchten
parameters are estimated to define moisture retention and unsaturated hydraulic con-
ductivity.
Regarding surface properties, detention storage is used to limit the amount of wa-
ter that can flow over the ground surface; the depth of ponded water must exceed the5
detention depth before water is routed overland. For Marina-like catchment, detention
depth is generally set as 0.01mm as the catchment is mostly covered by impervious
surface. The detention depth for reservoirs is the maximum reservoir level, while the
detention depth is set as 20 cm for areas with bio-retention systems based on Singa-
pore’s National Water Agency guideline for bio-retention systems design (PUB, 2011).10
In Mike SHE, the amount of precipitation reaching the ground is considered as ponded
water. Part of the ponded water infiltrates into the ground. The remaining part is called
available ponded water and is used to estimate the amount of surface runoff. The frac-
tion of available ponded water contributing to surface runoff depends on runoff fraction
or runoff coefficient. In our case study, it is assumed that the runoff coefficients for im-15
permeable and permeable coverage are 70 and 30%, respectively. Surface roughness,
defined by Manning number (M) (inverse of the conventional Manning’s coefficient n),
are 25 and 80 for surface covered with plant and open space, respectively. The values
are equivalent to the Manning’s coefficient of 0.04 and 0.0125, which are typical values
for vegetated and concreted surface (Chow, 1959).20
For geological properties, hydraulic parameters for the saturated zone are assumed
to be loamy sand, a typical soil type in Singapore, for the entire catchment with a hori-
zontal hydraulic conductivity of 1.22×10−5 [m s−1] and a vertical hydraulic conductivity
equivalent to 10% of the horizontal hydraulic conductivity. Specific yield and specific
storage is 0.2 [−] (Freeze and Cherry, 1979) and 9.82×10−4m−1 (Younger, 1993),25
respectively.
4108
HESSD
10, 4099–4132, 2013
Hydrologic
restoration of an
urbanized area
D. H. Trinh and
T. F. M. Chui
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
2.3.2 Initial condition
The initial condition of the integrated hydrological model is the combination of the initial
conditions of different components such as ponding depth, soil moisture content and
groundwater table. Ponding depth of reservoirs is assumed to be at the reservoir water
levels, and is set at 0m in the rest of the domain. To obtain an initial groundwater con-5
dition, a 10 yr simulation is carried out. As the groundwater table in Singapore is only a
few meters below the ground surface (Rezaur et al., 2003), the initial groundwater table
for the 10 yr simulation is set at 1.5m below the ground. The climate condition of year
2005 is repeated 10 times for this 10 yr simulation. The groundwater table, reaching
dynamic equilibrium after 10 yr, is then used as the initial condition of the remaining10
simulations. The initial condition sensitivity analysis of the results to the initial condition
is also carried out. It is shown that within a reasonable or range of initial conditions, the
results converge to the same solutions. Initial soil moisture is set to achieve equilibrium
pressure corresponding to the groundwater table from the 10 yr simulation. In addition,
for each of the 1 yr scenario simulation, another 5 yr of stabilization simulation is carried15
out to obtain dynamic equilibrium conditions of all the hydrological components which
are then used as the initial conditions for that particular scenario.
2.3.3 Boundary conditions
For the top boundary, precipitation is the only in-flux and evapotranspiration is the
only out-flux. Rainfall and potential evapotranspiration are assumed to be uniformly20
distributed in the entire catchment. Hourly rainfall data from year 2005 is obtained
from the Kent Ridge campus of National University of Singapore (NUS), located at the
South-Western edge of the catchment. Evapotranspiration is calculated from Penman–
Monteith method (Eq. 1) using hourly weather data (e.g. atmospheric pressure, air
temperature, relative humidity, wind speed, and incoming radiation) from NUS for year25
2005.
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λE =
∆ (Hnet − G) + ρaircp
(
e0z − ez
)/
ra
∆ + γ
(
1 + rc
/
ra
) (1)
where λ is the latent heat of vaporization (MJ kg−1), E is the hourly potential evapo-
transpiration (mmh−1), ∆ is the slope of saturation vapour pressure–temperature curve
(kPa ◦C−1), Hnet is the net radiation (MJm
−2 h−1),G is the heat flux density to the ground
(MJm−2 h−1), ρair is the air density (kgm
−3), cp is the specific heat at the constant pres-5
sure (MJ kg−1 ◦C−1), e0z is the saturation vapour pressure of air at height z (kPa), ez is
the water vapour pressure of air at height z (kPa), γ (kPa ◦C−1) is the psychometric
constant, rc is the plant resistance (sm
−1), ra is the diffusion resistance (sm
−1).
For the boundary conditions on the sides, since the model domain is the entire
Marina-like catchment, there are no fluxes across the inland boundary. The boundary10
bordering the sea is assumed to have a fixed head of 0m corresponding to the mean
sea level. Reservoirs in the catchment are set as internal boundary conditions with
head-controlled flux. The exchange fluxes depend on the head difference between the
groundwater table and the reservoir water depth with a leakage coefficient of 10−3 s−1.
The bottom boundary of the domain is bed rock and thus has no flux, and is assumed15
to be at 35m below the ground.
2.3.4 River routing
The main river network of the Marina-like catchment is delineated from the digital ele-
vation model (DEM) and published documents from Singapore’s national water agency
(PUB, 2007). Most of the channel cross sections are assumed to rectangular, except20
the main river flow from north to south of the catchment (i.e. Kallang River) has the
addition of the trickle channel. The channel width is estimated based on remote sens-
ing data and the channel elevation is estimated from DEM data. Inflow boundary at
the upstream is set at a constant discharge value of 0m3 s−1. At downstream, water
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level is at a constant elevation of 11m which is approximately the level of the Marina
reservoir (the most southern and downstream reservoir). Manning numbers (M) are 25
and 80 for earthen and concrete river banks, respectively. The fluxes exchanged be-
tween groundwater and surface water in the channel is estimated using a leakage
coefficient of 10−5. For the stabilization of the model, initial water depth and discharge5
are at 0.1m and 0m3 s−1, respectively.
3 Results
3.1 Impacts on overall water balance
To determine the impacts on water balance, the different hydrological components and
their temporal variations at one particular location are examined (Fig. 4). The selected10
location is near the main river and in the midstream of the catchment where is highly
urbanized. The results, extracted from the bio-retention scenario, indicate that the hy-
drologic processes are temporally dynamic due to the changes in rainfall. For example,
in the beginning of January, during the event with a rainfall intensity of 3.5mmh−1, the
infiltration rate is slightly less than 3.5mmh−1. The top soil is saturated, producing a15
downward flux from the unsaturated to the saturated zone at the rate of 2mmh−1. Due
to the series of rainfall events, groundwater table rises by 0.2m. During the relatively
dry period of mid-January to mid-February, there are no downward fluxes from the un-
saturated to the saturated zone. As the top soil dries out gradually, the moisture in the
unsaturated zone is not enough to support the evaporation process, water is therefore20
taken from the saturated zone leading to a gradual drawdown in the groundwater table.
The only influx to the catchment is rainfall, and it either turns into outfluxes (e.g. base
flow, direct runoff flow and evapotranspiration) or increases the storage within the sys-
tem (e.g. canopy storage, surface water storage and subsurface water storage). Fig-
ure 5 presents the distribution of rainfall into the different components aggregated over25
one year for the different scenarios. Canopy storage is not shown in the figure as it
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is negligible compared to other components. The amount of surface and subsurface
storage change in all the scenarios are also small (less than 0.5% of total water bal-
ance) as all the scenarios are simulated under dynamic equilibrium conditions of all the
hydrological components.
For all scenarios, the greatest contributing factor is evapotranspiration. Compared5
to the other scenarios, there is a higher fraction (10% more) of evapotranspiration in
the pre-urbanized scenario since the entire land surface is covered by trees. There is
a drastic increase (by 20%) in the direct runoff in the urbanized scenario due to the
change of 66% land use from pervious to impervious surfaces. Corresponding to a
large amount of direct runoff in the urbanized scenario, base flow depth is reduced by10
almost 66% in the urbanized scenario when compared to the pre-urbanized one. The
base flow depth is also not increased by green roofs, and it only increases marginally
with the implementation of bio-retention systems in either the bio-retention or hybrid
scenarios due to the enhancing infiltration function of bio-retention systems.
3.2 Impacts on eminent water resources issues15
3.2.1 Flash floods
To study the impact of urbanization and the strategies in averting flash floods, river dis-
charge is first analyzed. Urbanization increases the peak outlet discharge significantly
(Fig. 6). During rainfall events of small intensity (e.g. 5, 13 and 28 December) and av-
erage intensity (e.g. 17, 19 July and 26 December), peak outlet discharge increases20
by more than 100%. For rainfall events with high intensity (26 July and 8 December),
the percentage increase is smaller (about 60%). However, the magnitudes of peak dis-
charge for small- and average-intensity rainfall are small. Thus, the high percentage
increase in fact does not have significant impact on the catchment. On the other hand,
although the percentage increase of high-intensity rainfall is smaller, it has significant25
impact as the magnitude of peak discharge is relatively high. The highest peak outlet
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discharge in the urbanized scenario is 550m3 s−1, leading to potential flash floods in
the low lying areas.
Besides assessing the impact of urbanization, the effectiveness of each strategy in
reducing the flood risk is also examined. Overall, all the restoration strategies reduce
the peak discharge. In average-intensity rainfall events, the green roof scenario or the5
bio-retention scenario reduces the peak discharge by 25%. The hybrid scenario can
fully reduce the peak flow to the pre-urbanized level. For example, the rainfall event on
19 July produces a peak outlet discharge of 60m3 s−1 in the pre-urbanized scenario;
this amount increases to 125m3 s−1 in the urbanized scenario. The installation of ei-
ther green roofs or bio-retention systems brings the peak discharge from 125m3 s−110
down to 90m3 s−1. For the case in which both green roofs and bio-retention systems
are installed, the peak discharge is the same as in the pre-urbanized scenario. In the
case of high-intensity rainfall, focusing on the highest rainfall event in the simulation
year on 8 December, a rainfall depth of 136mm in 5 h results in an outlet peak dis-
charge of 550m3 s−1 under urbanized conditions. Installation of either green roofs or15
bio-retention systems decreases the peak discharge to 450m3 s−1, and the installation
of both structures decreases the peak discharge to 330m3 s−1 which is even lower
than the peak discharge of 350m3 s−1 in the pre-urbanized scenario. To conclude, the
large-scale restoration strategy restores the pre-urbanized condition effectively in terms
of outlet discharge, reducing the potential flooding problems.20
Other than examining the magnitude of peak discharges, Fig. 7 compares the peak
time to evaluate peak delays in each restoration scenario. Taking the rainfall event
on 26 July as an example, the downstream peak outlet discharge in the urbanized
and the bio-retention scenarios occur at the same time. However, there are two peaks
in the green roof and hybrid scenarios, with the first peak occurring slightly later in25
the urbanized scenario and the second peak delayed for another 2 h. This is due to
the existence of green roofs which delay discharge for about 3 h in both scenarios.
The hydrograph on 25 July also gives similar results except that the time of delay
varies depending on the rainfall characteristics. Although the double peaks only occur
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in simulations and may be indistinct during field observations, the results do illustrate
the peak attenuation due to green roofs.
Besides comparing the peak time downstream, one can also examine the change of
delay along the channel from upstream to midstream and subsequently downstream.
Focusing on only the hybrid scenario, the relative heights of the two peaks vary be-5
tween upstream, midstream and downstream due to the merging of secondary rivers
which are at different locations from green structures. Furthermore, there is a slight
increase in the delay of the peak from upstream to downstream due to the propagation
of wave along the river. Overall, examining the peak timing and its propagation through
the river network demonstrates the importance of a catchment-level planning of green10
structures (in terms of locations as well as the percentage of surface coverage) in miti-
gating floods.
3.2.2 Ground water replenishment
The main source of groundwater replenishment in this catchment is from surface water
infiltrating into the ground. Urbanization not only increases the peak river discharge15
but also decreases the infiltration rate, preventing surface water from going into the
ground and recharging subsurface storage. As mentioned in the water balance section,
green roofs do not significantly change the water budget or enhance infiltration rate.
This section therefore focuses on comparing the infiltration rates in the urbanized, pre-
urbanized and bio-retention scenarios to evaluate the effectiveness of bio-retention20
systems in enhancing infiltration. For plot scale, the infiltration rates at one particular
location where land use has changed from pervious, to impervious and then to bio-
retention system is compared (Fig. 8). The infiltration rate is highest in the bio-retention
scenario and is equal to the rainfall rate.
The impervious concrete surfaces in an urbanized catchment such as buildings,25
roads and pavements prevent infiltration. The infiltration rate of the entire catchment in
2005 is reduced by 20% in the urbanized scenario as compared to the pre-urbanized
scenario, while the bio-retention scenario restores 10%. The actual infiltration rate
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under different scenarios (Fig. 9) varies temporally depending on the rainfall intensity
as well as the time interval between two consecutive rainfall events. There is signif-
icantly less infiltration in the urbanized scenario during high intensity rainfall events
such as those on 9 May, 12 and 17 November. The decrease can be as high as 40 to
50%, compared to only 10 to 15% in average rainfall events such as those from 14 to5
18 May or from 31 October to 5 November. Bio-retention systems restore 20 to 30%
and 5 to 10% of the pre-urbanized infiltration during high and average rainfall events
respectively. For all the small rainfall events (e.g. 11, 20 May and 15 November), the
infiltration rate of the bio-retention scenario is higher than that in the pre-urbanized
scenario. Most of the small rainfall events occur closely in time. In the pre-urbanized10
condition, the soil is fully saturated after several events. Water can no longer infiltrate
and contributes to surface runoff. However, more water can infiltrate in the bio-retention
systems because the detention ponding provides additional time for water to infiltrate
into the ground.
4 Discussion15
The following key points underpin the analysis of the hydrological characteristics of the
different scenarios. Firstly, evapotranspiration accounts for a relatively high percentage
of water budgets in all scenarios. It therefore should not be neglected; otherwise this
might lead to over-estimations of the other components. Secondly, groundwater plays
an important role and should be taken into consideration, especially when the hydrolog-20
ical changes in shallow groundwater systems are examined. The exchange between
groundwater and surface water depends on the difference in groundwater level and sur-
face water level, as well as the soil moisture content in the unsaturated zone. In shallow
groundwater systems, it is even possible to have groundwater exfiltration during heavy
rainfall in low-lying areas. Thirdly, different designs of green structures (e.g. green roofs25
versus bio-retention systems) provide different hydrological functions and their relative
locations within the catchment also yield different outcomes at the catchment outlet.
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Therefore, it is possible to integrate different green structures at optimized locations to
achieve specific targets such as reducing flash floods, enhancing groundwater replen-
ishment, or restoring the pre-urbanized hydrograph at the catchment outlet.
5 Summary and conclusions
This study assesses the overall hydrological impacts of urbanization and the effec-5
tiveness of catchment-scale green structures in restoring pre-urbanized hydrological
conditions. A physical-based integrated distributed hydrological model, Mike SHE, is
used to simulate a highly urbanized catchment in the tropics under three main scenar-
ios (i.e. pre-urbanized, urbanized and restored) that differ in their land uses. The most
important findings are summarized as follows:10
1. In terms of the hydrological impacts of transforming 66% of vegetated area into
impervious surface and changing the vegetation type in the remaining area during
urbanization, it is observed that:
– Infiltration on average reduces by 20% which is proportional to the increase
of impervious surface. There is thus less subsurface water recharge and less15
subsurface water storage. The actual reduction in each rainfall event varies
with rainfall intensity and time interval from the previous rainfall event.
– Base flow decreases by 66% and surface runoff increases by 20%, leading
to a higher potential of flash floods. The peak outlet discharge increases by
100% during low- and average-intensity rainfall and by 60% in high-intensity20
rainfall. Although the percentage increase is lower, the increase of discharge
during high-intensity rainfall is more impactful due to the relatively high pre-
urbanized value.
2. To mitigate the hydrological impacts of urbanization, three catchment-scale green
structure strategies are explored:25
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– The first strategy is to install green roofs in all the buildings, accounting for
14% of the catchment area. The green roofs retain rainfall for 3 h, but exert
minimal changes in water balance or infiltration. They however reduce the
peak outlet discharge by 30 to 50%, and delay the peak by 2 h and thus can
mitigate flash floods in urban areas.5
– The second strategy is to set up bio-retention systems in 5% of the catch-
ment area. Bio-retention systems are modelled as 1m deep soils with rela-
tively high hydraulic conductivity of 10−5ms−1. On average, infiltration for the
catchment increases by 10%. The actual increase in each event depends
on the rainfall condition and can be as high as 30% during rainfall with high10
intensity. Base flow increases and surface runoff decreases and this second
strategy can therefore also mitigate flash floods.
– The third strategy is to implement a combination of the previous two strate-
gies (i.e. installing 14% green roofs and 5% bio-retention). It provides the
functions of both types of structures (e.g. improving water balance, enhanc-15
ing infiltration rate, delaying peak outlet discharge), and manages to reduce
the peak outlet discharge down to, and even lower than the pre-urbanized
value in some cases.
3. Assessing the hydrologic restoration of an urbanized area via the case study,
further conclusions can be made:20
– Evapotranspiration is one of the important processes and should not be ne-
glected as it accounts for a relatively high percentage of the water budget.
– Groundwater plays an important role, especially in shallow groundwater sys-
tems, as it has direct dynamic effects on the infiltration rate and the water
exchange between groundwater and surface water.25
– It is feasible to re-shape the outlet hydrograph via large-scale hydrological
controls throughout a catchment but it is important to perform a catchment-
scale planning for the desired integrated spatial and temporal effects.
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The simulation results obtained are independent of field data, enabling a generic model
for understanding hydrological changes during the different phases of urbanization. The
results and conclusions drawn are thus beneficial and applicable to catchment-level
water resource planning and management in many urban areas worldwide, especially
those in the tropical region.5
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Table 1. Vegetation characteristics.
Vegetation type Land use Vegetation parameter
Leaf Root
area depth
index (mm)
(−)
Impervious Residential, Business centre, Industry, Institution, 0 0
Commercial, Military area, Airfield,
Port, Infrastructure
No plant Reserve site, Cemetery 0 0
Bushes Agriculture 3 2000
Mixed trees Open space, Recreation 5 4000
Trees Park 6 5000
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Table 2. Soil texture and properties.
Soil type Depth Soil texture (%) Soil type Depth Soil texture (%)
(cm) Sand Silt Clay (cm) Sand Silt Clay
REMGAM 0–8 78 2 20 TAMPOI 0–6 81.2 2.1 16.7
8–34 61 1 38 6–13 72.5 1 26.5
34–68 57 3 40 13–44 69.6 0 30.4
68–160 55 2 43 44–100 61.7 0 38.3
JERANGAU 0–5 35.7 6.1 58.2 BEDOK 0 – 10 Clay loam
15–30 38 4 58 10–100 Silt clay
30–82 30 4 66 CHOWBOONLAY 0–10 Silt
82+ 28 3 69 10–100 Silt clay
AYERTERJUN 0–7 24 47 29 CHANGI 0–100 Sand
7–24 23 44 33 HOLYROOD 0–100 Loam sand
24–60 13 33 54 JURONG 0–100 Silt clay
60–135 9 29 62 KRANJI 0–100 Silt clay
HARIMAU 0–14 77.8 4 18.2 MATAIKAN 0–100 Sand clay loam
14–28 73.5 4.1 22.4 MASAI 0–100 Clay
28–35 69.8 3.1 27.1 TENGAH 0–100 Loam sand
53–94 57.8 1.2 41
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Figure 1. Components of integrated distributed hydrological model  595 
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Fig. 1. Components of integrated distributed hydrological model.
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 598 
Figure 2. Location of Marina Catchment  599 
600 
Fig. 2. Location of Marina catchment.
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Figure 3. Land cover (left) and soil distribution (right) of Marina-like catchment  603 
(Land use: 66% impervious, including 14% building and 5% potential bio-retention area; 9% 604 
no plants; 25% plants, including 5% bushes, 18% mixed trees and 2% trees) 605 
606 
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Fig. 3. Land cover (left panel) and soil distribution (right panel) of Marina-like catchment (land
use: 66% impervious, including 14% building and 5% potential bio-retention area; 9% no
plants; 25% plants, including 5% bushes, 18% mixed trees and 2% trees).
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 608 
Figure 4. Water balance at one particular location in catchment equipped with bio-retention 609 
systems 610 
(Esoil: Evaporation from soil; Esurfacewater: Evaporation from surface water (small value 611 
and covered by the dotted blue line); Exchange UZ and SZ: Exchange between unsaturated 612 
and saturated zone; GW depth: groundwater table depth) 613 
 614 
Fig. 4. Water balance at one particular location in catchment equipped with bio-retention sys-
tems (Esoil: evaporation from soil; Esurfacewater: evaporation from surface water (small value
and covered by the dotted blue line); Exchange UZ and SZ: exchange between unsaturated
and saturat d zone; GW depth: groundwater table depth).
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 616 
Figure 5. Water balance aggregated over one year for different scenarios 617 
Fig. 5.Water balance aggregated over one year for different scenarios.
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 619 
Figure 6. Peak discharge at catchment outlet under different scenarios 620 
Fig. 6. Peak discharge at catchment outlet under different scenarios.
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 622 
Figure 7. Delay of outlet peak discharge under different scenarios and delay of peak 623 
discharge along main river (i.e., Kallang River) of catchment 624 
625 
Fig. 7. Delay of outlet peak discharge under different scenarios and delay of peak discharge
along main river (i.e. Kallang River) of catchment.
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 627 
Figure 8. Infiltration rate at one particular location in catchment 628 
629 
Fig. 8. Infiltration rate at one particular location in catchment.
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 632 
Figure 9. Average infiltration rate of entire catchment under different scenarios 633 
 634 
Fig. 9. Average infiltration rate of entire catchment under different scenarios.
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